Quinine and quinidine were over 100 times more active than 9-epiquinine and 9-epiquinidine against chloroquine-sensitive Plasmodium fakiparum and over 10 times more active against chloroquine-resistant P. fakiparum. Since the only structural difference between quinine, quinidine, 9-epiquinine, and 9-epiquinidine is their three-dimensional configuration, the three-dimensional structures of these four alkaloids were examined in order to explain the large difference in relative activities between the 9-epi alkaloids and quinine and quinidine. The crystal structure of 9-epiquinidine hydrochloride monohydrate was determined by X-ray diffraction and was compared with the crystal structures of quinine, quinidine sulfate dihydrate, and 9-epiquinine hydrochloride dihydrate. The (F). The intramolecular distance from N-1 to 0-12 in 9-epiquinidine and 9-epiquinine, although shorter than the corresponding distance in quinine and quinidine, was similar to those of other active amino alcohol antimalarial agents. In all four alkaloids, both the hydroxyl and amine groups formed intermolecular hydrogen bonds, showing the potential for forming hydrogen bonds with cellular constituents. However, the positioning of the N'-1-H-N1 and 0-12-H-012 groups relative to each other was quite different in the 9-epi alkaloids versus quinidine. This difference in positioning may determine the relative strengths of the formation of hydrogen bonds with cellular constituents important to antimalarial activity and, therefore, may determine the relative strength of antimalarial activity.
(F). The intramolecular distance from N-1 to 0-12 in 9-epiquinidine and 9-epiquinine, although shorter than the corresponding distance in quinine and quinidine, was similar to those of other active amino alcohol antimalarial agents. In all four alkaloids, both the hydroxyl and amine groups formed intermolecular hydrogen bonds, showing the potential for forming hydrogen bonds with cellular constituents. However, the positioning of the N'-1-H-N1 and 0-12-H-012 groups relative to each other was quite different in the 9-epi alkaloids versus quinidine. This difference in positioning may determine the relative strengths of the formation of hydrogen bonds with cellular constituents important to antimalarial activity and, therefore, may determine the relative strength of antimalarial activity.
The goal of this study was to establish the relative in vitro antimalarial activities of quinine, quinidine, 9-epiquinine, 9-epiquinidine, dihydroquinine, and dihydroquinidine (Fig. 1) against the human parasite Plasmodium falciparum and to determine why the configuration of the 9-epi alkaloids greatly reduces their antimalarial activity. 9-Epiquinine and 9-epiquinidine have been labeled inactive since the 1930s because of their poor activity in avian malaria assays (2, 24) . These studies were performed prior to the development of in vitro human malaria assay systems and prior to the observation of chloroquine-resistant malaria. Consequently, these studies may not relate to present-day strains of humaninfecting P. falciparum. Once the relative antimalarial activities of the cinchona alkaloids against P. falciparum were established in our in vitro assay system, these data along with the three-dimensional structures of the cinchona alkaloids were used to define the relationship of conformation to antimalarial activity. These three-dimensional parameters are being defined so that they can be incorporated into the design of new antimalarial agents.
The only difference in the chemical structures of quinine, quinidine, 9-epiquinine, and 9-epiquinidine is the geometry of the 9-hydroxyl group and the quinuclidine ring system. Since the conformation of the hydroxyl and amine groups must therefore be important to relative antimalarial activity, * (14) with two P. falciparum clones from Indochina (W-2) and Sierra Leone (D-6). The clones were derived by singleerythrocyte micromanipulation (15) from patient isolates obtained from the Centers for Disease Control (Atlanta, Ga.) in 1980 and 1982, respectively, and represent infections acquired in Vietnam or Sierra Leone. The Indochina clone is resistant to the antimalarial agents chloroquine, sulfadoxine, pyrimethamine, and quinine, whereas the Sierra Leone clone is resistant to mefloquine but sensitive to chloroquine, quinine, sulfadoxine, and pyrimethamine (13) . These clones were maintained in a 5-ml suspension of human type A+ erythrocytes (6% hematocrit) containing less than 2% parasitized cells in RPMI 1640 culture medium (GIBCO, Grand Island, N.Y.) with 32 mM NaHCO3, 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), and 10% (vol/vol) heat-inactivated human plasma at 37°C in sealed 50-ml culture flasks under a 5% 02-5% CO2-90% N2 atmosphere.
The cinchona alkaloids were dissolved in dimethyl sulfoxide and diluted 400-fold in RPMI 1640 culture medium with 10% heat-inactivated human plasma. The alkaloids were subsequently further diluted into microtiter wells using the Cetus Pro/Pette (Perkin-Elmer Corp., Norwalk, Conn.) over ranges of 34 to 25,000 ng/ml for the 9-epi alkaloids and 0.34 to 250 ng/ml for the other four alkaloids. The alkaloids were incubated with parasite inocula (0.5% parasitemia and a 1% hematocrit) for 24 h at 37°C prior to the addition of 0.37 ,uCi of [G-3H] and 610. The data were corrected for Lorentz and polarization effects, but no correction for absorption was used.
The structure was solved routinely by direct phase determination (9) . All of the nonhydrogen atoms except the vinyl group were found in the first E map. The vinyl group and the hydrogen atoms attached to the oxygen and nitrogen atoms were found in the difference maps. The difference map is an analogs. The major contaminant in the quinine and quinidine samples coeluted with their respective dihydro analogs. The 9-epi alkaloids were essentially 100% pure, as no other peaks were observed in the chromatogram.
X-ray crystal structure of 9-epiquinidine. Fractional coordinates and thermal parameters (Ueq values) for the nonhydrogen atoms and fractional coordinates for the hydrogen atoms attached to N-1 and 0-12 are listed in Table 3 , bond lengths are listed in Table 4 , and bond angles are listed in Table 5 . The bond length of the hydrogen atoms attached to the carbon atoms was kept fixed at 0.96 A (1A = 0.1 nm) throughout the refinement procedure. Selected torsion angles are listed in Table 6 , and the numbering scheme for 9-epiquinidine is shown in Fig. 1 . 9-Epiquinidine crystallized as a tertiary amine hydrochloride salt with one water molecule per 9-epiquinidine molecule. The bicyclo rings of the quinuclidine moiety assumed a boat conformation, which is the typical conformation of the cinchona alkaloids (Fig. 2) . The boats had a slight twist such that the values of the torsion angles of C-3-C-4-N+-1-C-2, C-5-C-4N+-1-C-6, and C-7-C-4-N-1-C-8 were 8.6 + 0.6, 9.4 + 0.6, and 12.8 ± 0.6°, respectively. This twist was more pronounced in 9-epiquinidine than in 9-epiquinine, where the methylene groups of the quinuclidine ring system nearly eclipsed each other (11) . The vinyl group attached to C-3 and the aryl group attached to C-8 were both endo with respect to the boat defined by N+-1-C-2-C-3-C-4-C-7-C-8, which positioned the vinyl group pointing toward the methoxyl group. In 9-epiquinine, the aryl group was in the exo position, which positioned the aryl group pointing away from the methoxyl group. Like 9-epiquinine, the N+-1 atom was anti to the quinoline ring with the torsion angle of N+-1-C-8-C-9-C-16 equal to 176.5 + 0.60. Also like 9-epiquinine, H-8 and H-9 were anti to one another with the H-8-C-8-C-9-H-9 torsion angle equal to 179.4 + 0.60 and with H-9 pointing toward the methoxyl group. The solution nuclear magnetic resonance spectrum of 9-epiquinidine (6) also places atom H-9 pointing toward the methoxyl group. The methoxyl group was approximately 40 out of the plane of the quinoline ring and pointed toward the quinuclidine ring system.
The vinyl group was not positioned in the crystal in precisely the same orientation from molecule to molecule, as indicated by the large thermal parameters listed in Table 3 for atoms C-10 and C-11. This large motion caused the refined C-10-C-11 bond length to appear to be too short and the C-3-C-10-C-11 bond angle about the vinyl group to be somewhat distorted.
9-Epiquinidine hydrochloride monohydrate was packed such that hydrophilic channels ran parallel to the b axis (Fig.  3) . The channels contain chains of chloride ions hydrogen bonded to two water molecules. Each chloride ion also participated in two hydrogen bonds with the hydroxyl and amine groups of two separate 9-epiquinidine molecules (Table 7). In Fig. 3 , two of the hydrogen bonds to the chloride ions, one from a water molecule and one from H-012, are nearly on top of each other and almost parallel to the b axis. No intramolecular hydrogen bond between the hydroxyl and amine groups of 9-epiquinidine was observed.
Comparison of the three-dimensional structures of the cinchona alkaloids. The only structural difference between the active erythro cinchona alkaloids, quinine and quinidine, and the relatively inactive threo cinchona alkaloids, 9-epiquinine and 9-epiquinidine, is the conformation about atoms C-8 and C-9. This conformational difference results in a difference in the positioning of the amine and hydroxyl groups relative to each other. This conformational difference could manifest itself in three possible ways: preference by the alkaloid for forming intramolecular versus intermolecular hydrogen bonds, distance between the aliphatic nitrogen atom and the hydroxyl oxygen atom, and direction of the N-H and 0-H bonds relative to each other. Each of these factors could influence antimalarial activity by influencing the direction and strength of hydrogen bond formation between the cinchona alkaloid and cellular constituents important to antimalarial activity. However, an examination of the crystal structures of the erythro and threo alkaloids indicates that the third factor is the predominant factor influencing antimalarial activity.
The cinchona alkaloids were examined for each of these factors. First, when crystallized as salts, both the threo and erythro cinchona alkaloids formed intermolecular hydrogen bonds with their amine and hydroxyl groups, showing that both the erythro and threo cinchona alkaloids should be able to form intermolecular hydrogen bonds with cellular constituents. Second, the separation of the aliphatic nitrogen atom and hydroxyl oxygen atom in 9-epiquinine and 9-epiquini-VOL. 36, 1992 dine was similar to those in active antimalarial agents. The intramolecular distance from N+-1 to 0-12 of 2.816 ± 0.006 A in 9-epiquinidine was essentially equal to the 2.806 ± 0.007 A distance found in 9-epiquinine (11). This distance was slightly shorter than the distance from the aliphatic nitrogen to hydroxyl oxygen of 2.84 to 3.22 A exhibited by the active cinchona alkaloids (1, 3, 7, 8, 12, 14, (16) (17) (18) (19) 21) (8S,9R) , quinidine (8R,9S), 9-epiquinine (8S,9S), and 9-epiquinidine (8R,9R) portrayed in salt form. The numbering scheme is shown in italics. Dihydroquinine (8S,9R) and dihydroquinidine (8R,9S) are saturated at the 10,11-vinyl group. In each molecule, the quinoline ring is the unsaturated bicyclo fused ring system, and the quinuclidine ring system is the saturated bicyclo ring system. amino alcohol antimalarial agent in which the quinuclidine ring of quinine or quinidine is replaced with a piperidine ring. Neither of these factors apparently account for the difference in antimalarial activity between the threo alkaloids 9-epiquinine and 9-epiquinidine and the erythro alkaloids quinine and quinidine.
The third factor appears to be causing the difference in antimalarial activity. The 0-12-C-9-N-1-H-N1 torsion angles are -0.2, -15.4, -117.7, and 97.00 for 9-epiquinine (11), 9-epiquinidine, quinine (21) , and quinidine (8), respectively. The torsion angles have an estimated standard deviation of approximately 3.5°. Since quinine was crystallized as a free base, the torsion angle for quinine is calculated by assuming that converting quinine to the salt form does not change the overall conformation of the molecule. Thus, the threo alkaloids have a torsion angle approximately 900 different from the torsion angle in the erythro alkaloids. The different torsion angles force the N-H and 0-H bonds of the erythro and threo alkaloids to be oriented differently with respect to each other, as illustrated in Fig. 4 . The result of these differences is that the threo alkaloids cannot form intermolecular hydrogen bonds in the same directions as the erythro alkaloids.
DISCUSSION
The results from the in vitro P. falciparum assay confirm the stereospecificity of antimalarial activities of the cinchona alkaloids. For the Indochina W-2 and Sierra Leone D-6 clones, the threo alkaloids 9-epiquinine and 9-epiquinidine were substantially less active than the erythro alkaloids quinine and quinidine. Even among the erythro alkaloids, the 8R,9S alkaloids quinidine and dihydroquinidine were more active than the 8S,9R alkaloids quinine and dihydroquinine. This result is consistent with published data showing that quinidine is 2.5 times more effective in vitro than quinine and that cinchonine (the demethoxyl analog of quinidine) is 2.8 times more effective in vitro than cinchonidine (the demethoxyl analog of quinine) against the Papua New Guinea P. falciparum FCQ-27/PNG strain (26) . Clinically, quinidine was twice as potent as quinine against induced McClendon P. falciparum infections (25) and more effective than quinine against Thai P. falciparum (20, 27) . The poor antimalarial activity demonstrated by the 9-epi alkaloids against P. falciparum confirms the avian model prediction (2, 24) that the 9-epi alkaloids are poor candidates for clinical use in human malaria. Interestingly, 9-epiquinine and 9-epiquinidine are more active against the chloroquineresistant clone than against the chloroquine-sensitive clone, which is opposite to the sensitivity of the two clones to quinine and quinidine ( Table 1 ). The antimalarial activities of dihydroquinine and dihydroquinidine are very similar to those of quinine and quinidine, respectively, showing that saturation of the vinyl group does not inhibit antimalarial activity. Thus, the preferred orientation of the amine and hydroxyl groups for the highest antimalarial activity among the cinchona alkaloids appears to be the 8R,9S conformation of quinidine. The conformation of the amine and hydroxyl groups of quinidine in its sulfate salt form (8) is illustrated in Fig. 4B . The N-H and the 0-H bonds are positioned at an angle of 130 from each other in contrast to the 670 angle found in both 9-epiquinine hydrochloride dihydrate (11) and 9-epiquinidine hydrochloride monohydrate. Since 9-epiquinine and 9-epiquinidine, the threo cinchona alkaloids, cannot form hydrogen bonds to cellular constituents in the same direction as the erythro cinchona alkaloids quinine and quinidine, the strength of these interactions may be weakened, resulting in the weak antimalarial activities of 9-epiquinine and 9-epiquinidine. 
